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VASOPROTECTIVE RECOMBINANT ADENOVIRUS VECTOR CONTAINING A 

HUMAN TFPI GENE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims the benefit of U.S. Provisional Patent Application No. 
5 60/051,887 filed July 8, 1997, entitled "Vasoprotective Transgenic Tissue Factor Pathway 
Inhibitor." 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
Not Applicable 

10 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention generally relates to agents that effect vasoprotection in 
mammals. More particularly, the invention pertains to anti-thrombotic agents that are 
adapted for localized rather than systemic administration. Still more particularly, the 
15 invention relates to recombinant adenovirus vectors containing a DNA sequence encoding a 
human tissue factor pathway inhibitor (TFPI) gene and to methods of making and using such 
vectors to effect local expression of TFPI in vascular smooth muscle cells at a specific blood 
vessel site. 

Description of the Related Art 

20 Pharmacological anticoagulation therapies are widely employed to deter thrombus 

formation in injured or atherosclerotic arteries. These therapeutic approaches typically 
employ physiological inhibitors of thrombin and require systemic administration of multiple 
drugs. However, the presence of anticoagulants in the circulating (systemic) blood is 
generally associated with increased bleeding risk. For instance, in clinical trials studying 

25 heparin and the thrombin inhibitor desirudin, most patients with acute coronary syndromes 
who developed intracranial bleeds had received aspirin, heparin or desirudin, and a 
thrombolytic agent (1-3). Those trials indicated that systemic blockade of multiple 
platelet/coagulation pathways is not without risk. Similarly, it is known that high doses of 
heparin are poorly tolerated in conjunction with potent platelet inhibition with c7E3 Fab 

30 (ReoPro) (4). 

Short Term Local Administration of Antithrombotics 
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Since most conventional methods aimed at deterring thrombosis deposition act 
systemically and typically cause bleeding, some recent research efforts have focused on 
determining the feasibility of local anticoagulant treatment of predetermined "at risk" arterial 
sites, as opposed to treating the entire circulatory system. Local delivery of anticoagulant 

5 drugs has been attempted. 

For example, the isolation of a portion of a vessel with a pair of angioplasty balloons 
and instillation of hirudin or heparin has been reported (4a). However, these methods are 
limited by uncertain drug delivery (given the systemic escape) and the short persistence of the 
antithrombotic drug in the vessel wall, given the diffusion gradient towards the vessel lumen. 

10 However, even in these localized treatments, no locally delivered antithrombotic drug has 
been reported to be present at the target site 48 hours after delivery. Points within the human 
circulatory system that are subject to injury, inflammation or atherosclerosis are especially 
likely targets for the local application of therapeutic anticoagulant agents,, and include such 
specific s.tes as those subjected to angioplasty, stent or graft placement, or artenovenous 

15 shunt. 

For the purposes of this disclosure, "local" treatment, as distinguished from 
"system*" treatment, means that a specific re gl on, site or area within the blood circulatory 
system (especially a blood vessel) is the focus or target of the treatment and therefore 
receives the significant part of the treating agent, while the rest of the vessel and/or the 
circulatory system receive none or only an insignificant exposure to the treating agent. 
Short-term administration of antithrombins does little to passivate the injured artery, and 
allows thrombin generation to relentlessly proceed. In prior studies, for instance, it was 
found that short-term administration of the direct antithrombins failed to reduce restenosis 
rates after percutaneous coronary balloon angioplasty (5,6). This may be explained in part by 
experimental and clinical evidence suggesting that the thrombin inhibitors are not capable of 
inhibiting thrombin generation in the course of arterial thrombosis or in systemic 
procoagulant states (7,8). Furthermore, after withdrawal of short-term thrombin inhibitor 
therapy at 3-5 days, thrombin activity soon recurs (9,10). 

Similar conclusions can be drawn from trials of short-term administration of synthetic 
30 inhibitors of GP Ilb/IIIa integrin receptor (1 1). The administration of platelet Ilb/IIIa integrin 
receptor blocker, c7E3 Fab (ReoPro), was effective in reducing early ischemic events m an 
early trial (12) and reduced the need for recurrent revascularization at 6-months. However, 
this was associated with increased bleeding at the time of the initial intervention (4). In a 
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later trial, however, ReoPro failed to reduce the need for repeated revascularization at 6 
months (13). 

In summary, while effective during their administration, systemically g.ven 
antithrombotic drugs are associated with increased hemorrhagic risk and require 
hospitalization associated with high cost, inconvenience, and additional risk of (hospital- 
acquired) infection; and, finally, do not passivate the thrombogenic lesion after the drug 
infusion is stopped (typically 3-5 days), 
flpfi-tht-nrnhntic Gene Therapy 

Recent trials of systemic antithrombins to prevent restenosis after percutaneous 
revascularization suggest that there may be advantages to local antithrombotic gene therapy, 
which conventional drug therapy cannot presently match (5,6). Gene therapy potently 
ensures the continuous in situ production of the foreign antithrombotic protein. Lee et al., m 
1993 demonstrated that a replication-defective recombmant adenovirus can serve as an 
efficient vector for direct in vivo arterial gene transfer (14). Zoldhelyi et al. have piously 
described the adenovirus-mediated transfer of the cyclooxygenase gene (Ad.COX-1) as a 
localized antithrombotic agent (15). Cyclooxygenase is the rate-limiting enzyme ,n the 
synthesis of prostacyclin, an important vasoprotective molecule that inhibits platelet 
aggregation and vasoconstriction. Delivery of recombinant adenovirus to the artery at the. 
doses used in the Ad.COX-1 study was associated with only minimal inflammation (15). 
Ad COX-1 is a reasonable antithrombotic agent but has no direct influence on the thrombin- 
coagulation pathway involved in fibrin formation and smooth muscle cell proliferation 
contributing to restenosis after percutaneous balloon ang.oplasty. Also, platelet aggregation 
plays little role in venous thrombose where thrombin inhibition is a highly effective 

approach (16). 
25 Tissue Facto r Pathway Inhibitor 

Another approach to blockading platelet/coagulation pathways involves inhibiting 
thrombin activation via the tissue factor metabolic pathway. Tissue factor (TF), the cellular 
initiator of blood coagulation, is a transmembrane protein receptor exposed after vessel injury 
or after cytokine activation of endothelial cells and monocytes. Blood coagulation in the 
extrinsic pathway begins when the serine protease, activated factor VII (factor Vila), which 
binds to its cofactor, TF, and the factor VIIa/TF enzyme complex activates by limited 
proteolysis of coagulation factors X and IX (17-19). On the membranes of activated platelets 
and endothelium, factor Xa then binds to factor Va, forming the prothrombinase complex, 
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which in the presence of Ca2+ proteolytically converts prothrombin to thrombin (20). Factor 
IXa, also activated by the factor VIIa/TF complex, combines with factor Villa to activate in a 
second (intrinsic) pathway factor X. Thus, TF plays an initiating role for both the extrinsic 
and intrinsic pathway of thrombin generation (21). 

Thrombin, the final product of the converging coagulation pathways, activates 
platelets and converts fibrinogen to fibrin, thereby stimulating formation of the fibrin-platelet 
clot. Thrombin not only activates platelets, converts fibrinogen to fibrin, and via factor XIII 
activation, stabilizes the fibrin clot, but also positively feeds back on its generation by 
activating platelets, factors V, VIII and XI (22-24). In addition, thrombin promotes release of 
P-selectin from storage granules of platelets and endothelial cells, contributing to platelet- 
leukocyte interaction and leukocyte rolling and migration into the vessel wall (25). 
Thrombin-activation of platelets promotes exposure of the platelet Ilb/IIIb integrin receptor 
(26). Activation of this receptor mediates platelet-platelet and platelet-vessel wall 
interactions and, by recruiting additional platelets, thrombin allows for its generation to be 

15 further amplified. 

Tissue factor pathway inhibitor (TFPI) inhibits thrombin generation at several steps. 
TFPI inhibits factor VIIa/TF, thereby initiating thrombin generation after vascular injury or 
cell activation by cytokines, and also inhibits the factor Xa/ prothrombinase complex, thereby 
interrupting thrombin generation at its major amplification step (27,28). 

The mature TFPI is composed of 276 amino acids and contains three tandem Kunitz- 
type protease inhibitory domains, in addition to an acidic amino-terminal and a basic 
carboxy-terminal region (27-29). End-linked glycosylate occurs at one or more of three 
potential sites, but the role of this and other post-translational modifications is not yet known 
(27,30). 

Initially, the second Kunitz-type domain interacts with factor Xa, by binding with 1:1 
stoichiometry at or near the factor Xa active serine site. This TFPI/ factor Xa interaction, 
then, promotes efficient binding of the first Kunitz-type domain to the factor VIIa/TF 
complex, resulting in a quaternary factor Xa/TFPI/factor VIIa/TF complex (27,28,31). The 
basic carboxy-terminal region of TFPI also contributes to high-affinity binding of factor Xa 
(32,33). While the inhibition of factor VIIaA-F by physiological concentrations of TFPI is 
dependent on initial binding to factor Xa, TFPI at 50-fold greater concentration can inhibit 
factor VIIa/TF in the absence of factor Xa. The function of the third Kunitz-type domain of 
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TFPI is not clear and its deletion has no significant effect on factor Xa or factor VIIa/TF 
inhibition (27,28). 

The concentration of TFPI in the plasma is about 2 nM, or 68 - 82 ng/mL (the 
apparent molecular weight of TFPI in plasma ranging from 34-41 kD) (27,28). Over 90% of 
circulating TFPI is bound to the lipoproteins, LDL, HDL, and Lp(a). Platelets contain about 
10% of TFPI in the circulating blood and release TFPI upon aggregation initiated by 
thrombin and other agonists (34). Plasma TFPI concentrations increase 2 to 4-fold after 
infusion of heparin, presumably by displacement of TFPI from heparin sulfate or other 
glycosaminoglycans on the surface of endothelial cells (35,36). TFPI associated with the 
endothelium may be important in local regulation of coagulation and its release by heparin 
may contribute to systemic anticoagulation (37). Conversely, heparin (in the presence of 
calcium) enhances the inhibition of factor Xa by full-length and carboxy-terminus truncated 
TFPI (28). 

The tissue distribution of TFPI has not been fully elucidated (38). By 
immunohistochemistry, TFPI was detected in one study in megakaryocytes and 
microvascular endothelium but not in the endothelium of large and medium-sized vessels 

(39) Others recently reported the presence of endothelial TFPI in normal and 
atherosclerotic arteries but detected no TFPI in the smooth muscle cells of the medial layer 

(40) . The inventors were also unable to detect TFPI in the conditioned medium of cultured 
human VSMC {See discussion in "Examples" infra.) 

Mice with inactivated TFPI gene are subject to intrauterine lethality as a result of 
bleeding due to disseminated intravascular coagulation (41). Therefore TFPI likely plays an 
indispensable role among the endogenous antithrombotic molecules. However, physiological 
concentrations of TFPI do not completely inhibit thrombin generation. After prothrombotic 
stimuli (such as gram-negative sepsis) activate the factor VIIa/TF complex, disseminated 
intravascular coagulation can occur, consistent with the ability of physiological TFPI levels 
to inhibit factor VIIa/TF-initiated thrombin generation only after some factor X activation 
and prothrombinase complex formation have occurred (28). In contrast, pharmacological 
concentrations of TFPI inhibit the TF/factor Vila complex in ^-independent fashion and 
were reported to prevent disseminated intravascular coagulation after gram-negative bacterial 
sepsis (42,43) and thrombus formation after vascular injury (44-46). Experimentally, 
systemic administration of TFPI accelerates pharmacological lysis of arterial thrombi (47,48) 
and attenuated ncointima formation after percutaneous balloon angioplasty (49,50). 
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Expression of tissue factor is tightly regulated (17,18) because TF is the common 
membrane receptor involved in blood vessel formation (62), hemostasis, and thrombosis at 
sites of vessel injury, inflammation and atherosclerosis. In healthy vessels, TF is mainly 
present in the adventitial layer (51). In contrast, in atherosclerosis, TF is expressed in the 
5 medial smooth muscle cell layer and the intimal plaque as well (52). TF is also upregulated 
acutely by shear stress (53), oxygen-free radicals generated during post-ischemic reperfusion 
(54), balloon injury (55) and, in vitro, by ^polysaccharide, phorbol ester, interleukin-1, 
tumor necrosis factor, and other cytokines (17,18,56-61). The increased TF burden in the 
atherosclerotic vessel wall not only heightens the thrombotic risk, but also contributes to 
10 other problems. Factor Xa and thrombin, activated in TF-initiated pathways, are potent 
mitogens for vascular smooth muscle cells (63-65) and thereby may promote formation of 
the fibrous cap and restenosis after arterial revascularization interventions. TF may also 
directly contribute to neointimal smooth muscle cell accumulation through chemotactic 
effects (66). Thrombin activates matrix metalloproteinases involved in intimal smooth 
15 muscle cell accumulation and plaque rupture (67,68) and, through P-selectin release (25) 
may promote accumulation of inflammatory cells contributing more TF to the atherosclerotic 
plaque. Thus, TF initiates pathways, which lead to atherosclerotic plaque instability, rupture, 
thrombosis and exuberant proliferative "repair" and may promote thrombosis, inflammation, 
and intimal proliferation after percutaneous revascularization interventions as well. 
20 None of the known anti-thrombotic methods employ gene therapy to achieve local 

expression of an anti-thrombot.c agent specifically targeting the tissue factor pathway of 
thrombin generation. What is needed is an alternative or superior anti-thrombotic agent that 
can provide its therapeutic effects without incurring hemorrhagic risk. It is also desirable to 
have such an agent that can provide vessel site-specific anti-thrombotic activity and deter or 
25 prevent restenosis after balloon-injury. A method employing such an agent should be able to 
provide long-term therapeutic effects without increasing hemorrhagic risk, and without the 
need for co-administering multiple drugs. 

BRIEF SUMMARY OF THE INVENTION 
An anti-thrombotic vector, its manner of making, and methods employing gene 
30 therapy to achieve local expression of a transgenic anti-thrombotic agent are provided by the 
present invention. The new vector and methods specifically target the tissue factor pathway 
of thrombin generation. The present invention provides for maintaining the presence of a 
therapeutic amount of human tissue factor pathway inhibitor (TFPI) for days in the injured 
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arterial wall, allowing anti-thrombotic effects to occur without the hemorrhagic risk typically 
experienced with known anti-thrombotic agents and methods. 

The gene therapy methods of the invention permit limiting of the expression of a 
therapeutic amount of TFPI to a specific at-risk site in a blood vessel, thereby providing anti- 
thrombotic action and may deter restenosis after such events as a balloon injury to the vessel. 
Local expression of transgenic TFPI by the transformed vascular cells spares the systemic 
hemostatic system and avoids the associated bleeding risks. 

Certain embodiments of the present invention provide a recombinant adenovirus 
vector containing Ad.TFPI, or human tissue factor pathway inhibitor cDNA that is 
operatives linked to a human cytomegalovirus immediate early promotor/enhancer 
(CMVp/e) and to a simian leukemia virus polyadenylation site (SV40pA). 

Some embodiments of the invention provide an anti-thrombotic agent comprising a 
recombinant adenoviral vector containing a human TFPI gene operatively linked to CMVp/e 
and SV40 P A. Other embodiments provide an anti-thrombotic agent comprising a transduced 
1 5 VSMC containing a transgenic TFPI gene. 

The present invention also provides a method of nuking the Ad.TFPI vector, and 
includes ligaung a cDNA encoding human full-length tissue factor pathway inhibitor into the 
BamHI site of the polylinker of the^CCMVpLpA plasnnd to form the P L P A.TFPI shuttle 
plasmid; co-transfecting mammalian cells in tissue culture with said shuttle plasmid and 
20 plasmid P JM17; culturing the transfected cells until viral cytopathic effects are apparent; 
harvesting Ad TFPI viral stock from the tissue culture; innoculating monolayers of 
mammalian cells in tissue culture with aliquots of high titer Ad.TFPI viral stock; harvesting 
culture medium and cells upon appearance of cytopathic effects; and purifying recombinant 

virion particles containing Ad.TFPI. 
25 Another method in accordance with the present invention provides for transducing 

vascu.ar smooth muscle cells, such as human arteriolar VSMC, with the Ad.TFPI vector and 
thereby causing the transgenic TFPI to be expressed by the cells. In certain embodiments of 
the new anti-thrombotic agent, the method includes exposing vascular smooth muscle cells at 
a predetermined site in a blood vessel to the purified Ad.TFPI virion particles, whereby the 
30 new TFPI gene becomes expressed by the cells, making tissue factor pathway inhibitor 
directly available at or near the particular targeted vessel s.te. The level of expressed 
transgenic TFPI cDNA is such that the resulting TFPI level at, and/or in the immediate 
vicinity of the site, exceeds the normally occurring TFPI level produced by the non- 
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transduced tissue at the same locale in the vessel, such that the expressed transgenic TFPI 
provides an antithrombotic effect on the targeted area. 

The present invention also provides a method of producing hTFPI at a predetermined 
site in a blood vessel. This method includes exposing vascular smooth muscle cells at a 
particular site with a recombinant adenovirus vector containing a human tissue factor 
pathway inhibitor (TFPI) gene operatively linked to a human cytomegalovirus immediate 
early promotor/enhancer and a simian leukemia virus (SV40) polyadenylation site. The 
target site within the blood vessel may be identified using conventional methods, and the 
Ad.TFPI virions together with a pharmacologically acceptable carrier, introduced at the target 
site by injection or catheter. Preferably at least about 1 x 10 6 vascular smooth muscle cells 
are transduced so that a therapeutic level' of TFPI is produced in the target area. 

The methods of the invention make it possible to protect an "at risk" site by 
converting a predetermined section of blood vessel tissue into special transgenic tissue 
containing vascular smooth muscle cells that express the transgenic human tissue factor 
pathway inhibitor gene and deter thrombus formation at that sue. Accordingly, certam 
embodiments of the present invention provide "self-treatmg" antithrombotic agents 
comprising a vascular smooth muscle cell, such as a human VSMC, producing transgemc 
human tissue factor pathway inhibitor. 

Another method of the present invention provides for maintaining a -therapeutic 
amount of human TFPI at a desired blood vessel site that includes transacting at least 1 x 10 6 
vascular smooth muscle cells at the site with Ad.TFPI such that the TFPI gene is stably 
integrated into the cellular genome and TFPI is produced for at least 3 days. 

Still other embodiments of the present invention provide methods of deterring or 
preventing thrombosis deposition or of protecting a blood vessel site against thrombosis 
deposition. The methods include introducing a transgenic human tissue factor pathway 
inhibitor gene at a predetermined site. The she can be a part of, adjacent, near or in the 
vicinity of where a balloon catheter injury has occurred, an atherosclerotic region of an 
artery or a balloon catheter injured atherosclerotic area occurs, or an angioplasty site, 
arteriovenous shunt, endovascular graft, or the l.ke occurs. The manner of introduction of 
f the TFPI gene may include exposing the vascular smooth muscle cells to a human tissue 
factor pathway inhibitor (TFPI) gene operatively linked to a human cytomegalovirus 
immediate early promotor/enhancer and a simian leukemia virus (SV40) polyadenylation site. 
Similar methods offer protection to the blood vessel site against chronic vascular stenosis and 
intimal hyperplasia. 
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Accordingly, the present invention also provides a method of treating a site in a 
mammalian blood vessel that is at risk for thrombotic deposition and/or restenosis comprising 
genetically altering vascular smooth muscle cells at a site in the vessel such that the VSMC 
express a transgenic human tissue factor pathway inhibitor gene. The target site may be an 
5 atherosclerotic artery site, a balloon catheter injured artery site, an angioplasty site, 
arteriovenous shunt or an endovascular graft, or any area subject to intimal hyperplasia. The 
manner of accomplishing this genetic alteration preferably includes exposing the smooth 
muscle cells to a human tissue factor pathway inhibitor (TFPI) gene operatively linked to a 
human cytomegalovirus immediate early promotor/enhancer and a simian leukemia virus 

1 0 (SV40) polyadenylation site. 

A preferred method of treating an "at risk" site in a mammalian blood vessel obtains 
oenetic alteration of the target VSMC by first preparing a suitable vector. This includes 
ligatmg a cDNA encoding human full-length tissue factor pathway inhibitor into the BamHI 
site of the polylinker of the P ACCMV P LpA plasmid to form the pLpA.TFPI shuttle plasmid. 
15 Mammalian cells in tissue culture are then co-transfected with the shuttle plasrmd and 
plasmid P JM17, as described above. The transfected cells are then cultured unUl viral 
cytopathic effects appear, at which point Ad. TFPI viral stock is harvested from the tissue 
culture medium. Monolayers of mammalian cells in tissue culture are then innoculated with 
aliquots of high titer Ad. TFPI viral stock and the culture medium and cells are harvested after 
20 cytopathic effects appear, and the recombinant v.rion particles containing Ad.TFPI are 
purified. At least 1 x 10 6 vascular smooth muscle cells located at a predetermined site in a 
blood vessel are then infected with the purified Ad.TFPI virion particles, and the resulting 
transduced vascular smooth muscle cells subsequently begin producing a therapeutic amount 
ofhTFPI. 

25 These and other objects, features and advantages of the present invention will become 

apparent with reference to the following description and drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
For a detailed description of a preferred embodiment of the invention, reference will 
now be made to the accompanying drawings wherein: 
30 FIG. 1 shows the Ad.TFPI expression vector construct. 

FIG. 2 is a graph showing the level of secretion of TFPI in dog vascular smooth 
muscle cells in vitro over a 7 day time course after infection with AD.TFPI. 
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FIG. 3 is a graph showing the dose response of TFPI secretion in dog vascular smooth 
muscle cells in vitro infected with AD.TFPI at multiplicities of infection (MOI) of 20-500. 

FIG. 4 is a graph showing mass vs. activity of TFPI secretion in dog vascular smooth 
muscle cells infected with AD.TFPI at multiplicities of infection (MOI) of 20 and 500. The 
asterisk (*) indicates one (1) TFPI unit = TFPI activity in 1 mL of normal human plasma 
(approx. 55 ng). 

FIG. 5 is a photograph of immunohistochemically stained dog smooth muscle cells in 
tissue culture, the darker areas indicating expression of transgenic TFPI. 

FIG. 6 is a photograph of a dog femoral arterial wall, the darkened area (arrow) 
indicating immunohistochemical staining of balloon injured smooth muscle cells expressing 
TPFI. 

FIG. 7A is a photograph showing, at 25X magnification, a section of an atherosclerotic 
rabbit carotid artery transduced with Ad.TFPI. 

FIG. 7B is a detailed view, at 200X magnification, of the section shown in Fig. 7A. 

FIG. 8 shows TFPI (dark area indicated by arrow) in the balloon injured, Ad.TFPI- 
treated atherosclerotic artery of a hypercholesterolemic dog. The animal was sacrificed and the 
artery stained for TFPI 4 days after balloon injury and local administration of AdTFPI for 30 
min. 

DETAILED DESCRIPTION OF THE INVENTION 
In accordance with the present invention, a recombinant replication-deficient 
adenovirus carrying the gene encoding recombinant tissue factor pathway inhibitor (TFPI) 
has been constructed, and it has been demonstrated that the viral construct has antithrombotic 
properties in in vitro tests and in animal models accepted by those of skill in the art of 
antithrombotics to be predictive of antithrombotic efficacy. The disclosed TFPI vector and 
methods not only establish the feasibility of genetic anticoagulant therapy, but also establish a 
practicable way of transferring anticoagulant therapy inhibiting tissue factor and thrombin 
activation from the circulating blood to the injured target wall via gene therapy. By 
achieving these two goals, the present invention overcomes conceptually and practically, by 
genetic means, two major limitations of standard pharmacological anticoagulation therapies: 
the need for multiple drug administration and systemic distribution of the anticoagulant drug. 
Some of the advantages of the present invention are that a) single administration of the new 
anticoagulant agent (AdTFPI) provides prolonged anticoagulant action (which no 
conventional drug presently achieves), and b) use of transduced TFPI shifts the presence of 
the anticoagulant from the circulating (systemic) blood into the wall of the vascular segment 
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in need, thereby eliminating the cause of bleeding risk associated with systemic anticoagulant 
therapies. Due to local delivery, concentrations of TFPI in the blood stream are extremely 
low (eliminating systemic side effects), yet sufficiently high locally to exert anti-thrombic 
action. 

5 The methods and compositions of the present invention provide a way to achieve gene 

transfer of TFPI into normal and atherosclerotic vessel walls. This is believed to be the first 
report of a gene therapy vector and method directed against tissue factor, factor Vila, Xa and 
thrombin by TFPI gene transfer, and capable of exerting its effect locally at an at-risk site in a 
blood vessel. 

10 While earlier studies have shown that tissue factor, the prothrombinase complex, and 

thrombin play pivotal roles in, respectively, initiating, amplifying, and precipitating 
thrombotic disease, it was unknown to attempt thrombotic protection using TFPI gene 
therapy. Also, in light of the fact that short-term (1-3 days) prevention of thrombin activity 
(5,6) or the platelet GP Hb/IIIa receptor blockers (13) has ben proven to be unlikely to 
15 prevent the restenosis consistently, and further considering that thrombin generation in vivo 
appears to be unaffected by the presence of antithrombins tested in trials (7,8,69), it was not 
known whether sustained levels of antithrombin would be useful in vivo. 

The present investigations, discussed in the "Examples" that follow, show how the 
local gene transfer of TFPI, a natural inhibitor of the coagulation protease complex factor 
20 Vila/tissue factor and of activated factor X (factor Xa) is employed to prevent thrombus 
deposition and chronic vascular stenosis in blood vessels (arteries, veins, arteriovenous 
shunts,' and endovascular grafts) by preventing tissue factor, factor Xa-, and thrombin- 
dependent mechanisms of recurrent thrombosis and intimal hyperplasia. The present 
invention demonstrates that tissue factor-dependent thrombosis, in particular, can be 
25 attenuated by local TFPI gene transfer. As discussed in greater detail in the examples which 
follow, a recombinant adenoviral vector encoding the TFPI gene was constructed, and it was 
demonstrated in animal models that vascular gene transfer of TFPI can be achieved. The 
mammalian models included dog vascular smooth muscle cells in tissue culture, balloon- 
injured normal dog femoral artery, atherosclerotic balloon-injured dog femoral artery, 
30 atherosclerotic rabbit carotid artery, pig carotid artery angioplasty, and human arteriolar 
smooth muscle cells in tissue culture. 

TFPI expression was measured by ELISA in the conditioned medium of dog vascular 
smooth muscle cells (VSMC) infected with Ad.TFPI at a multiplicity of infection (MOI) of 
500. For the purposes of this disclosure, multiplicity of infection (MOI) means the number of 
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infectious virions per cell. Secretion of TFPI peaked after four days and was at a significant 
level after seven days post infection. The secreted TFPI was, on a molar basis, >90% active 
in inhibiting tissue factor/factor Vila-initiated X activation, whereas control Ad (the same 
adenovirus vector minus the TFPI gene) did not induce expression of TFPI in dog VSMC. 
5 In similar studies using human VSMC in tissue culture, the inventor detected no TFPI in the 
uninfected human VSMC, but was present in generous amounts three days after infection 
with Ad.TFPI. 

A brief overview of the methods employed in the animal models, and the results 
obtained, is as follows. Expressed transgenic TFPI was visualized by immunohistochemical 
10 staining four days after Ad.TFPI infection of cultured dog VSMC, balloon-injured dog 
femoral arteries and atherosclerotic Watanabe rabbit carotid arteries. After adenoviral- 
mediated transfer of the TFPI gene to balloon-injured carotid arteries in pigs, protection 
against thrombosis was observed, documented by continuous monitoring of carotid flow for 
10 days after balloon injury. Briefly described, this procedure involved administration of 
1 5 Ad.TFPI (5xl0 10 pfu/mL) by local dwell to balloon-injured carotid arteries of micropigs (8 
mm x 2 cm balloon, 5 inflations to 6 atm). The injured arteries were stenosed by constrictors 
as further thrombogenic challenge. Intravenous heparin was given for up to 36 hours to 
protect the vessel until a biologically active level of gene expression was achieved, but no 
aspirin was given at any time. Carotid flow was continuously measured for 10 days by 
20 Doppler flow probe after balloon angioplasty and application of a constrictor to the injured 
arterial segment immediately following injury. Of 5 pigs that did not irreversibly occlude 
their carotid arteries within 36 h after surgery, 4 had no cyclic flow variations until day 10, 
while one animal suddenly occluded on day 7. In contrast, 8/9 pigs, given intraoperative 
heparin and daily aspirin after carotid angioplasty, developed severe, recurrent flow 
25 variations between day 3 and 10. No bleeding was observed, despite complete freedom from 
recurrent thrombus deposition in 4/5 pigs. These early investigations in animal models 
establish that local administration of a vector encoding TFPI in blood vessels is protective 
against thrombosis and diminishes the risk of systemic hemorrhage. 

The following examples are offered by way of illustration and are not intended to 
30 limit the scope of the invention in any manner. All of the materials used in these examples 
were obtained from well known commercial sources, or as specifically stated in the 
examples. 

EXAMPLE 1. 
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Construction of a Replication-Deficient 
Adenovirus Encoding a Full Length Human 
Ti ^iP Factor Path way Inhibitor rDNA (Ad,TFPD 

To determine whether local vascular expression of human tissue factor pathway 
inhibitor (TFPI) might be protective against thrombosis, a recombinant adenovirus (Ad) 
carrying a cDNA encoding human TFPI was constructed (Ad.TFPI). The inventors took 
advantage of the high transduction ability of recombinant adenoviral vectors and constructed 
an adenovirus carrying the cDNA encoding TFPI, hereinafter referred to as "Ad.TFPI" In 
order to evaluate their hypothesis that local vascular expression of human TFPI is protective 
against thrombosis and restenosis of balloon-injured arteries . 

rn pstrnrtinn of ^ Adenoviral Shuttle Plasmid Carrying 3 Human TFPI cDNA 

The cDNA encoding human full-length TFPI (29), cloned into the Searle/Monsanto- 
owned P mon3360 plasmid vector, was a kind gift of Dr. Tze-Chem Wun, Searle/Monsanto 
Corporation, Chesterfield, Missouri. The TFPI cDNA was cut out from P mon3360 with 
BamHI and was ligated into the BamHI site of the polylinker of the p^CCMVpLpA (72,73), 
a bacterial shuttle plasmid containing: a; E1(A+B) deleted sequences from the left end of 
human serotype 5 adenovirus, b) a NotI fragment containing (from 5' to 3') the human 
cytomegalovirus immediate early promotor/enhancer (abbreviated »CMV P /e"), the P UC19 
polylinker (derived from plasmid P UC19), the simian leukemia virus (SV40) polyadenylat.on 
site c) and the ampicillin resistance gene. Fig. 1 shows the shuttle plasmid 
^CCMVpLpA.hTFPI, hereinafter referred to as "pLpA.TFPI". ^CCMVpLpA (ref) was a 
gift from Dr. Robert D. Gerard, then at the University of Texas Southwestern Medical 
School, Dallas and is a derivative of pAC described by Gluzman et al in 1982 (74). pAC 
was originally constructed by inserting a type 5 adenov.rus fragment extending from the 
EcoRI linker at the left end of the viral genome to the HindHI site at map unit 17.0 [1 map 
unit, (mu) = 360 nucleotides], with a deletion comprising E1A and most of E1B between the 
PvuII site at 1.4 MU and the Bgll site at 9.1mu (74). Thus,^C and its derivatives retain the 
leftmost 454 nucleotides of the viral genome, containing the origin of replication, the signal 
for packaging of DNA into the mature virion, and the sequences encoding the structural 
polypeptide IX. 

rnn.tmr.tion »f fl^nmhinant Adenoviral Vector FncodiiW the Hymffll TFPI Gene 



13 



WO 99/02171 PCT/US98/1 1706 



To construct a recombinant adenovirus encoding the mature TFPI protein, the shuttle 
plasmid p/ICCMVpLpA carrying the TFPI cDNA (pLpA.TFPI) was co-transfected with 
plasmid pJM17 (75) into the human embryonic kidney cell line 293 (Fig.l). The 293 cells 
are available from American-Type Tissue Culture (Rockville, Maryland). Homologous 
5 recombination of pLpA.TFPI and pJM17 was performed using the calcium phosphate method 
(76). The rescue vector, pJM17, was a gift from Dr. Frank Graham, University of Hamilton, 
Ontario and is a circular plasmid that contains the entire 36 kb adenoviral genome plus an 
approximately 4 kb fragment carrying the tetracyclin and ampicillin resistance genes (75). 
pJM17 contains adenoviral sequences homologous to those inp^lC-derived vectors (including 
10 ^CCMVpLpA). Because the 40 kb genome of pJM17 exceeds the adenoviral package 
. restramts, homologous recombination between the pJM17 and adenoviral shuttle vectors 
(such as pXCCMVpLpA) results in recombinant virions only if accompanied by deletion of 
the tetracyclin-ampicillin resistance genes. Therefore, viral plaque formation derived from 
nonrecombinants is rare, and most of the virions generated by homologous recombination 
1 5 with pJM 1 7 are recombinants containing the foreign gene. 

Ten days after transection of P LpA.TFPI and P JM17 into a monolayer of 293 cells, 
viral cytopathic effects (CPE) spread across the entire cell layer in the 10-cm culture dish. 
The conditioned cell culture medium and the lysed cells were harvested, centrifuged for 5 
min at 1000 x g and the clarified supernatant (containing virus) was used for performance of 
20 a plaque titration assay and then stored at -80»C. In brief, a monolayer of 293 cells was 
infected (for 12 hours) with the clarified lysate of the 293 cells co-infected with pLpA.TFPI 
and P JM17. After 12 hours, the lysate was removed and the cells overlaid with a 1:1 mixture 
of Noble Agar and 2x MEM (modified Eagle's medium). Within 10 days, viral plaques had 
formed and 10 plaques were transferred to a monolayer of 293 cells in a 12 well dish (2 wells 
were left uninfected as control). After the 293 cells in the 10 infected wells showed CPE, the 
lysate of each well was clarified by centrifugation and used for ELISA analysis of TFPI in 
the conditioned medium and for further plaque purification of the relevant viral clones. 

To assay for the presence of TFPI, 50 uL of the clarified conditioned medium of the 
12 wells were analyzed with a commercially available ELISA for human TFPI (American 
30 Diagnostics Greenwich, Conn.). The lysate of all 10 infected wells was found to contain >10 
ng/mL TFPI, while TFPI was below the detection threshold (0.65 ng/mL) in the conditioned 
medium of uninfected 293 cells. Ad.TFPI virus was further purified by two rounds of plaque 
purification and each generation was checked by ELISA for the presence of TFPI in the 
conditioned medium. 
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T a rflft Scale P reparation of Ad.TFPI 

Ad.TFPI was grown up in 293 cells. High titer adenovirus was prepared following a 
procedure described by Robert D. Gerard (72,73), which was modified to obtain a higher 
purity. Monolayers of 293 cells were infected with aliquots of viral stocks diluted in DMEM 
supplemented with 2% fetal bovine serum. After appearance of cytopathic effects, the 
medium and cells were harvested in 0.1% NP 40. Following removal of the cell debris by 
centrifugation for 20 min at 5000 x g, the virus was precipitated in 0.5 vol of 20% PEG 8000 
and 2.5 M NaCl at 4°C for 1 hour, followed by centrifugation for 20 min at 22,000 x g. 
Recombinant virions were treated for I hour at room temperature with benzonase (50 
units/mL) to remove nonviral DNA and RNA. Recombinant virions were then concentrated 
by CsCl gradient centrifugation (density p=1.25/p=1.4). Modification from the previously 
published Robert Gerard protocol include the benzonase step. and two additional overnight 
equilibrium centrifugations at 180,000 x g at 4°C in CsCl at a density of p=l .34. Also, as a 
modification and to stabilize the virion particles, the recombinant virions were suspended in 
PBS containing sucrose (2% w/v), MgCl 2 (2 mM), and bovine serum albumin (0.1% w/v) 
(77). Finally, the virion particles were suspended in the PBS buffer and desalted by 
Sepharose CL4B (Pharmacia) chromatography. Purified viral stocks were supplemented with 
10% glycerol and stored at -80»C. The concentration of infectious viral particles was 
determined in 293 cells by plaque titration assay of serial dilutions of recombinant adenovirus 
from the frozen stock. Titers were routinely 10 M plaque forming units ( P fu)/mL. Titers were 
read when the number of plaques did not increase for three consecutive days (generally 7-10 
days after infection of the 293 cell monolayers with dilutions of Ad.TFPI for 1 hour). The 
purity of Ad.TFPI was confirmed by the ability of individual plaques to induce TFPI 
secretion (measured by ELISA) into the conditioned medium of 293 cells. The identity of 
Ad.TFPI was further confirmed by PCR using the primers 5- 
AATCTTGCCCCTGCCCCTCTTA (forward) and 5- 

AAACCATTCGGACCATCTTCACAA (reverse). Ad.TFPI was only used for experiments, 
when TFPI was detected in the conditioned medium of all 8/8 wells of 293 cells infected with 
plaques from high-titer stock. 

EXAMPLE 2. 
TFPI Gene Transfer in Vitro 
p.tP.rminatio n r>f TFPI Secreted hv Pop VSMC in VftrQ 
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Figs. 2-4 show TFPI expression as measured by ELISA in the conditioned medium of 
dog vascular smooth muscle cells (VSMC) infected with Ad.TFPI at a multiplicity of 
infection (MOI) of 500, as described in detail below. 

ELISA kits to measure TFPI secretion were purchased from American Diagnostica 
Inc., Greenwich, Conn. This ELISA (Imubind Total TFPI ELISA kit, product #849) is a 
sandwich ELISA, which consists of plates coated with a capturing rabbit anti-human 
polyclonal antibody, use of a biotinylated monoclonal antibody specific for the first Kunitz- 
like of TFPI domain, and streptavidin conjugated horseradish peroxidase complexes. 
Antibody binding is visualized by addition of the substrate, TMB. The detection threshold 
for TFPI in this ELISA is 0.36 ng/mL. The manufacturer's instructions were closely followed 
in the performance of the ELISA. 

Dog vascular smooth muscle cells (dog VSMC) were explanted from femoral arteries 
as described (15) and transferred after 2 passages into 6-well polystyrene plates. For 
Ad.TFPI, the inventors studied multiplicities of infection (infectious virions/cell, MOI) of 20, 
100, 200 and 500. Ad.RR was used at MOI 500 only. VSMC were infected for 6 hours with 
Ad TFPI or Ad.RR (identical recombinant adenovirus as Ad.TFPI but without transgene), 
suspended in Dulbecco's modified Eagle medium (DMEM) with 2% fetal bovine serum. 
After 6 hours, the virus was removed and the cells were washed twice with DMEM 
supplemented with 2% fetal bovine serum (FBS) and hence cultured for additional 7 days in 
DMEM with 2% FBS. Beginning the next day (24 hours after the start of the 6^ hour 
infection), the conditioned cell culture medium was harvested, and stored at -80°C (3 
aliquots/well). The medium was collected daily and replaced by fresh culture medium for 7 
days. Additional wells were infected in triplicate with Ad.TFPI at identical MOI and counted 
daily with a Coulter Counter (Model Zl) to allow expression of secreted TFPI in ng/10 5 
cells/24 hours. TFPI was measured by ELISA in the conditioned medium of dog vascular 
smooth muscle cells (VSMC) infected with Ad. TFPI at a multiplicity of infection (MOI) of 
500. 

The daily secretion of TFPI by Ad.TFPI-infected dog VSMC is shown in Fig. 2 
(MOI 500) and demonstrates the ability of VSMC to express human TFPI after gene transfer. 
Secretion of TFPI peaked on day 4, where it reached 5 ug/10 6 cells, and remained close to 
700 ng/10 6 cells when last measured on day 7. No TFPI was detected in Ad.RR infected cells 
(data not shown). To see whether there was a virus-gene/dose relationship, dog VSMC were 
infected with Ad.TFPI at increasing MOI and TFPI accumulating during 24 hours was 
measured on day 4. Ad.RR at MOI of 500 was used as control. Secretion of TFPI (ng/10 6 
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cells/24h) was 974±1,003 meandbSD) after one day, 6,145±1,125 after four days (peak), and 
826±77 after seven days. Control Ad (no transgene) did not induce expression of TFPI in dog 
VSMC. 

As shown in Fig. 3, the amount of TFPI secreted showed a direct relationship to the 
MOI used, although this relationship did not appear to be linear. 

n^insHnn of Krfi- fy^ VTTa/TF Activity of Secreted TFPI hy r„1ture.d Pop Vascular 
Smooth M uscle Cells 

The unique physiological aspect of TFPI is its factor Xa-dependent inhibition of the 
TF/factor Vila enzyme complex. The most reliable assays for identifying TFPI are assays 
which measure this activity. Alternatively, TFPI can be measured by its ability to inhibit 
factor Xa activity directly in specific chromogenic inhibition assays. However, these direct 
factor Xa inhibition assays do not discriminate TFPI from other factor Xa inhibitors and are 
not useful when TFPI activity is measured in plasma or in other complex mixtures (27,28). 
Therefore, the inventors measured the activity of dog VSMC-secreted TFPI in a factor 
Vila/inhibition assay, where the factor VIIa/TF activity remaining after addition of TFPI is 
assayed by its ability to convert factor X to Xa, as measured by cleavage of a specific 
chromogenic substrate (SPECTROZYME Fxa, American Diagnostica) to release the 
chrcmophore P -nitroaniline. This assay was performed using a commercial kit 
(ACTICHROME TFPI Assay, American Diagnostica, Greenwich, Conn.) according to the 
manufacturer's instructions. In this assay, factor Xa is activated by a mixture of factor Vila 
and TF and TFPI is expressed as umts/mL. One unit of TFPI activity is defined as the 
activity of TFPI in 1 mL of human plasma (about 55 ng TFPI based on measurement in 300 
volunteers). 

TFPI activity was assayed in the conditioned medium of dog VSMC infected with the 
highest and lowest Ad.TFPI dose (MOI of 20 and 500). The medium harvested from the 
identical wells used in the TFPI EL1SA were assayed for TFPI activity and read as TFPI 
activity (in units)/10 6 cells. (Fig. 4). When compared to a common human r-TFPI reference 
standard (a gift from Dr. Tze-Chein Wun, Searle/Monsanto Corp., Chesterfield, Missoun) 
used in both the ELISA and the TFPI activity assay), the human TFPI secreted by dog VSMC 
was calculated to be 94 % active on a molar basis. Control Ad (no transgene) did not induce 
expression of TFPI-related activity in dog VSMC in this assay. 

nrtrrfhT1 ~ f TFP T >™ imm,.n 0 h i«tnP.h B mistrv in Cultured Pop VascPlf i r Smooth Muscle Cel l s 
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For immunohistochemical detection of TFPI, a monoclonal antibody recognizing 
human TFPI was purchased from American Diagnostics Greenwich, Conn. (Product # 4903). 
A standard procedure was followed for detection of TFPI in cultured vascular smooth muscle 
cells and arteries. For in vitro studies, chamber slides (Nunc) were seeded with dog VSMC and 

5 infected for 6 hours with Ad.TFPI or A&RR (identical virus without transgene) as control. 
After 6 hours, the virus was removed and the cells cultured for additional 4 days. Then, the 
cells were washed with PBS and fixed in with methanol for 20 min at room temperature, 
followed by exposure for 30 min to 2% horse serum in PBS. The cells were washed for 10 min 
in PBS, and incubated for 1 hour in either the monoclonal TFPI antibody provided by 

10 American Diagnostica (1 : 1 00) or a monoclonal antibody recognizing cytomegalovirus (Dako, 
1:100) as negative control. Sections were washed for 10 minutes in PBS and subsequently 
exposed to a biotinylated horse antimouse antibody (Vector). After a washing step in PBS, the 
sections were incubated for 60 min in a suspension containing complexes of streptavidin- 
biotin-horseradish peroxidase (Vector). After two additional washing steps in PBS and water, 

15 antibody binding was visualized by exposure to DAB. The slides were counterstained for 30 
min with methylene green. Fig. 5 shows cultured VSMC immunostained for TFPI, the dark- 
stained areas indicating expressed TFPI. 

TFPI Secretion In Human Arteriolar Smooth Muscle C ells In Vitro 

Recently, Wilcox et al. reported in preliminary work that they detected TFPI in the 

20 endothelium of large and medium sized arteries but not in the media of arteries. (40). To 
investigate whether cultured human VSMC produce TFPI with and without TFPI gene 
transfer, human arteriolar smooth muscle cells (a gift from Timothy Scott-Burden/Texas 
Heart Institute) were infected for 6 hours with Ad.TFPI and with Ad.RR at MOI 100. After 6 
hours, the virus was removed and the cells were cultured for four days in DMEM with 2% 

25 fetal bovine serum. After three days, the medium was replaced with fresh medium and 
assayed after 24 hours for the presence of TFPI. No TFPI was detected by ELISA (detection 
threshold 0.36 ng/mL) in the conditioned medium of uninfected human VSMC or in human 
VSMC infected with Ad.RR (no transgene). In contrast, TFPI secretion was 347±80 ng/10 6 
cells/24h three days after infection with Ad.TFPI at MOI 100. Because the antibody used to 

30 detect TFPI has been raised against human TFPI, it was concluded in this study that cultured 
human arteriolar smooth muscle cells do not produce detectable amounts of TFPI. 

The observations described in these Examples suggest that vascular gene transfer of 
TFPI to vascular cells is feasible with the methods and vectors of the present invention and 
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that they have promise for wide spread application as vasoprotective therapy. First- 
generation vectors, such as the vector constructed by the inventors, express a transgene 
typically for about 7-21 days (70,71). The above examples describe the construction of a 
recombinant replication-deficient adenovirus carrying the gene encoding recombinant tissue 
factor pathway inhibitor (TFPI), and describe studies suggesting that the TFPI viral construct 
has antithrombotic properties. These examples show that human cultured VSMC do not 
secrete TFPI, and that both human and canine vascular smooth muscle cells can be 
transduced with TFPI to produce generous amounts of TFPI in gene (virus) dose-dependent 
fashion. 

EXAMPLE 3. 
In Vivo Gene Tr ansfer of TFPI 

A^.nnvini S -Med^tPH Kmr. Transf er Of TFPI to B allnon-Tnjnred Normal ^ Amoral 
Artery 

Animal surgery was performed at the University of Texas Health Science Center at 
Houston Center for Experimental Surgery following Institutional guidelines. A 27-kg 
foxhound was sedated and anesthetized with isoflourane in oxygen. Following induction of 
anesthesia, a femoral cut-down was performed and a 5-F peripheral balloon angioplasty 
catheter (Meditech, balloon: 2 cm x 7 mm was introduced through a femoral sheath placed 
into the distal femoral arteriotomy. The angioplasty catheter was advanced in retrograde 
fashion into the more proximal superficial femoral artery. Five mm before peripheral balloon 
angioplasty (PTA), 200 units/kg of heparin were given, followed by five balloon inflations to 
5 atm (30 sec inflation,! minute interval). After balloon dilation of the femoral artery, a 
gauge-22 catheter was introduced through a side branch into the balloon-injured segment and 
the segment was isolated by placement of temporary ligatures and rinsed with heparin/saline 
to clear. Then, 700 uL of Ad.TFPI, 5.5xl0 10 pfu/mL (3.8 x 10 10 pfu) were instilled into the 
PTA-injured arterial segment. The virus was kept under slight pressure (0.5 atm) by infusion 
of saline. After 30min, the Ad.TFPI was removed and the catheter was withdrawn through 
the side branch. The distal arteriotomy site was repaired and the animal allowed to survive for 
4 days. Dogs were killed with pentobarbital overdose and arteries were sectioned and frozen 
in cryoprotective (O.C.T., Miles) and the frozen blocks were transferred to -80°C. Prior to 
immunostaining, 5 uM sections were prepared and allowed to equilibrate in PBS. Then, the 
sections were exposed for 30 min in 2% horse serum in PBS, followed by incubation in room 
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temperature of the sections for 30 min in 0.3% H 2 0 2 in methanol. The sections were then 
stained for the presence of human TFPI as outlined in Example 2, describing detection of 
TFPI by immunohistochemistry in cultured dog VSM cells. A section from the balloon- 
injured artery infected with Ad.TFPI is shown in Fig. 6, showing the dog femoral artery 
5 section stained with TFPI (dark area indicated by an arrow). 

TFPI Gene Transfer Into Atherosclerotic Rabbit Carotid Arteries 

10 The ability to transfer foreign genes into atherosclerotic arteries is critical for the 

success of vascular gene therapy. A preferred gene therapy strategy in accordance with the 
present invention includes gene transfer to the uninjured atherosclerotic vessel several days 
before percutaneous revascularization interventions in order to enable high levels of foreign 
gene expression at the time of injury (based on the observation that adenoviral-driven gene 

15 expression typically requires 2-3 days to reach its peak). Preferably, the adenoviral vector is 
delivered at the time of percutaneous revascularization intervention and pharmacological 
antithrombotic protection given for the first 24-36 hours after the revascularization 
interventions. 

The feasibility of gene transfer of TFPI to atherosclerotic arteries was first evaluated 

20 in the carotid artery of Watanabe rabbits not subjected to balloon injury. Rabbit experiments 
were performed at the University of Texas Health Science Center at Houston Center for 
Experimental Surgery following Institutional guidelines. At the time of surgery, three 28-36 
months old hypercholesterolemic Watanabe rabbits were sedated with xylazine-ketamine, 
underwent endotracheal intubation, followed by induction of anesthesia with isofluorane. A 

25 carotid cut-down was performed and a gauge-22 catheter introduced through a distal 
arteriotomy site in the more proximal common carotid artery. An approximately 1 cm 
segment was temporarily isolated with silk sutures and filled with 300 nL of Ad.TFPI, 3xl0 9 
- lxlO 10 pfu/mL. The virus suspension was allowed to dwell in the isolated segment for 30 
min and was then removed, followed by arteriotomy repair and re-establishment of carotid 

30 flow. After closing the carotid cut-down wound, the animals were allowed to recover and 
were sacrificed (without administration of heparin) 4 days after surgery. Sections of the 
carotid artery were frozen in a cryoprotective agent (OCT, Miles Laboratories) and 
microscopic sections were prepared as described above for immunostaining with an 
antibody for human TFPI. One section of an atherosclerotic rabbit carotid artery transduced 

35 with 300 ^iL of Ad.TFPI, lxl0 10 pfu/mL, is shown in Figs. 7A and 7B. Fig. 7A shows the 
artery at 25 fold magnification, and Fig. 7B is a detailed view (at 200 fold magnification) of 
a portion of the section shown in Fig. 7 A. A large calcified atherosclerotic plaque is 
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indicated by the arrow labeled "P", with the remaining lumen indicated as "L." TFPI that was 
transferred by Ad.TFPI into the artherosclerotic rabbit carotid artery was detected by 
immunostaining for human TFPI, and is indicated by the dark area (indicated by an arrow) in 
the strip of relatively normal arterial wall (arrow labeled "W"), opposite the atherosclerotic 
plaque. 

AHenovirus-Mediated TFPI dene Transfer tn an Atherosclerotic Balloon-Injured Dog 
Femoral Artery 

TFPI gene transfer was evaluated in a 24-month, severely hypercholesterolemic fox 
hound (peak total cholesterol, 1,626 mg/dL ), that had received a 4% cholesterol diet for 6 
month. The dog was sedated and anesthetized with intravenous pentobarbital (35 mg/kg), 
intubated, and ventilated with room air. After carotid cut-down, bilateral distal femoral cut- 
down was performed. An angioplasty catheter (Meditech, 7mm x 20 mm) was advanced 
sequentially into the more proximal femoral artery. After the administration of 200 units/kg 
of heparin, balloon angioplasty was performed in both femoral arteries with a 5 x 30-sec 
inflations to 5 arm (1 min interval between each inflation). Hence, a gauge-22 catheter was 
introduced through a side branch and advanced to the balloon-injured sites, which were 
temporarily isolated with silk sutures and dwelled with 500 uL of Ad.TFPI, 6xl0 10 pfu/mL 
and Ad.COX-1, respectively. The virus suspension was allowed to dwell in the isolated 
segment for 30 min and was then removed. The side branch was tied off, followed by 
femoral arteriotomy repair and re-establishment of flow. After closing the cut-down wound 
in 3 layers, the animal was allowed to recover and was sacrificed (without administration of 
heparin) 4 days after balloon injury. The femoral arteries were frozen in an cryoprotective 
agent (OCT) and sections were prepared for immunostaining with an antibody for human 
TFPI, as described above. Transgenic TFPI (dark area indicated by an arrow) is seen in the 
atherosclerotic plaque in Fig. 8. 

Antithrombotic Effect Of TFPI Gene Transfer In A Pip Carotid Angioplasty Model 

Pig experiments were performed at the University of Texas Health Science Center at 
Houston Center for Experimental Surgery following Institutional guidelines. The 
transfemoral porcine carotid artery balloon angioplasty model has been previously described 
(76), the disclosure of which is incorporated herein by reference. Yukatan micropigs (weight 
20-25 kg) were sedated with xylazine and ketamine, followed by induction of anesthesia 
with isoflourane in oxygen. A right femoral cut-down was performed and an 8F sheath was 
introduced into the femoral artery and flushed with saline. Txansfemoral carotid angioplasty 
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was performed by advancing an 8 mm x 2 cm peripheral balloon angioplasty catheter 
(Meditech) to either carotid artery. Through an anterior cut-down in the neck, the ipsilateral 
internal jugular vein was cannulated to provide an infusion port for heparin for the first 3-6 
hours as well as a port for blood drawls. Five minutes before carotid angioplasty, 200 
units/kg of heparin were administered followed by five balloon inflations to 6 atm, with one 
minute interval between inflations. Following completion of carotid balloon angioplasty, a 
gauge-22 catheter was advanced through an arteriotomy into the injured arterial segment, 
which then was temporarily isolated by silk sutures proximal and distal to the site of injury. 
The isolated arterial segment was rinsed with saline to clear, followed by infusion and dwell 
of 800 uL of Ad.TFPI (5.5xl0 10 pfu/mL). The infusate was kept under approximately 0.5 
atm of pressure for 30 minutes with an inflation device (Scimed). After 30 minutes, the virus 
suspense was removed. Flow was re-established by removing the temporary ligatures and 
artenotomy repair. An additional bolus of heparin (100 units/kg) was given 5 min before 
reflow. A Doppler flow probe was applied at the proximal end of the balloon injured carotid 
segment. The animal was kept under observation for 2 hours, followed by application of a 
constrictor adjusted to reduce the blood flow to 50% compared to baseline. After closure of 
all wounds, the animal was allowed to recover in the surgery cages and the exteriorized 
Doppler flow probe cables were connected to the flow recorder. To prevent thrombosis 
before significant TFPI was expressed, the pigs received up to 36 hours of heparin (28±6.6 
hours range 24-36 hours), at 50-60 (52±4.5) units/kg/hour, After denudation by angioplasty, 
the smooth muscle cells are the mam cell type to be exposed to the recombinant 
adenoviruses. Carotid flow was monitored continuously by Doppler flow probe for 10 days. 

Four pigs occluded within 48 hours of surgery and were excluded from further study. 
None of the 5 pigs surviving 48 hours without irreversibly carotid artery occlusion, showed 
>5 cyclic flow variations thereafter, although 1 of the 5 occluded suddenly on day 7. The other 4 
pigs showed no flow disturbance until day 1 0 and were allowed to survive for 28 days before 
sacrifice for evaluation of neointima formation in presently ongoing studies. No bleeding 
was observed after heparin withdrawal in the Ad.TFPI-treated pigs. In contrast, 8 of 9 
micropigs, that had previously been studied, had received heparin and daily aspirin and 
30 shown severe cyclic flow reductions with irreversible occlusion in 5 of 9. In another carotid 
angioplasty study in domestic pigs, animals receiving local carotid Ad.LacZ (adenovirus 
carrying the gene encoding 6-galactosidase) had shown hundreds of cyclic flow reductions, 
with irreversible occlusion occurring in 50% of pigs. Animals, which occluded irreversibly 
before day 3 had been excluded in that study as well (76). 
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By way of further comparison, in an actual balloon angioplasty micropig model 
identical to the one described above, 100 ug recombinant TFPI/min/Kg weight was given 
systemically to achieve antithrombosis protection. Severe bleeding at the surgical wound 
site and occasional pulmonary hemorrhage were observed at this dosage. In a 25 kg average 
5 weight pig, this dose approximates about 25000 ug TFPI per pig per hr, or about 600,000 ug 
TFPI over a 24 hr. period. In contrast, the in vitro data obtained in the present studies show 
that approximately 1 x 10 6 Ad.TFPI transfected vascular smooth muscle cells secrete 
approximately 6 ug TFPI in 24 hrs (Fig. 2). Transduction of an in vivo vessel area, 
containing about 1 x 10 6 VSM cells, is adequate to obtain localized antithrombotic activity. 
10 In any case, as with other antithrombotic drugs, one would determine empirically the precise 
titer of Ad.TFPI that will yield the desired level of expression. For example, a level of local 
TFPI production comparable to about 100 ug recombinantTFPI/min/Kg given systemically. 

The above-described study in pigs was not preceded by dose-finding study, and thus, 
a more optimal gene (viral) dose may be obtainable. The dose chosen for testing was similar 
15 to that found previously effective in a study of cyclooxygenase-1 gene transfer in the same 
carotid angioplasty model (15). It should be also noted that, contrary to previous studies by 
the inventors, the present vectors used in the in vitro and in vivo studies were purified by 3 
(rather than 1 ) CsCl centrifugation steps. 

Additional conclusions from these studies are that TFPI gene transfer can be achieved 
20 in normal and atherosclerotic arteries in vivo and that gene transfer of TFPI into balloon 
ang.o P lasty injured porcine carotid arteries results in reduction of cyclic flow variations, 
when compared to previous controls given aspirin. Indeed, 8 out of 9 balloon angioplasty- 
injured pigs had shown hundreds of cyclic flow variations beginning 2-4 days after surgery, 
despite daily administration of 325 mg aspirin (in addition to intra-operative heparin). In 
25 contrast, of the 5 Ad.TFPI pigs that had not occluded before day 3, none developed cyclic 
flow variations (CFV) between day 2 and day 10, although one animal suddenly occluded on 
day 7. One animal had began to develop CFV on day 2, but these faded within 24 hours (on 
day 3). This has not been previously observed, as frequency and severity of CFV in this 
model tend to increase (not decrease) in severity in the first week after balloon injury and 

30 application of constrictor (15). 

The studies carried out in the course of developing the present invention indicate that 
the TF-initiated thrombin generation plays a pivotal role in thrombosis of balloon-injured, 
carotid arteries and suggests that inhibiting TF by in situ generated TFPI is vasoprotective 
without hemorrhagic risk. Thus, TFPI gene therapy provides, among other useful 
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applications, a new approach to test the thrombin hypothesis (i.e., that thrombin plays a 
pivotal role arterial in thrombogenesis). Because coagulant factors inhibited by TFPI (tissue 
factor, factor Xa, and thrombin) play a role in the generation of fibrin clots, in restenosis, and 
in venous thrombosis (where platelets play a minor role), TFPI gene transfer may be more 

5 effective than COX-1 transfer and have a broader range of action. COX-1 enhances the 
synthesis of prostacyclin, which inhibits platelets and relaxes the vessel wall. Because 
pharmacological levels of TFPI administered systemically shut off thrombin generation 
efficiently, as discussed in the Background of the Invention, the high levels of TFPI 
generated in vitro in VSMC after adenovirus-mediated TFPI gene transfer, in accordance 

10 with the present invention, indicate that the locally expressed TFPI will express TFPI for at 
least 7 days, silencing TF, factor Vila, Xa and thrombin in the vessel wall and at the vessel 
wall/blood interface. 

Ongoing investigations by the inventors includes biochemical studies of coagulation 
protease-inhibitor complexes in the vessel wall. The inventors anticipate that further work on 
15 the inhibition of TF, factor Vila, Xa and thrombin by TFPI gene transfer, utilizing the 
methods disclosed herein, will extend the use of the present compositions to TFPI gene 
therapy for arteriovenous shunts, and venous and endovascular grafts. 

From the present investigations, the inventors determined for the first time that 
local expression of the TFPI gene has vasoprotective effects with good potential for 
20 therapeutic use in blood vessels at thrombotic risk. Ongoing work by the inventors will assess 
the extent to which TFPI gene transfer exerts protection against intimal thickening and 
luminal narrowing (restenosis) after balloon injury. Effective prevention of restenosis in 
atherosclerotic arteries may require prolonged drug administration, including recombinant 
TFPI, until the first phase of endothelial healing is complete. A combined approach of local 
25 prevention of recoil, platelet activation, thrombin generation, and fibromuscular hyperplasia 
may provide the safest and most efficacious protection against recurrent subacute thrombosis 
and restenosis. 

Importantly, the present invention of local TFPI gene therapy is also of value as an 
adjunct to other systemic therapies. As mentioned above in the Background of the Invention, 
30 in clinical trials studying heparin and the thrombin inhibitor, desirudin, in acute coronary 
syndromes, most patients who developed intracranial bleeds had received aspirin, heparin or 
desirudin, and a thrombolytic agent (1-3). Those trials indicated that systemic blockade of 
multiple platelet/coagulation pathways is not without risk. Similarly, high dose heparin is 
poorly tolerated in conjunction with potent platelet inhibition with c7E3 Fab (ReoPro). In 
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contrast, local gene therapy with TFP1, in accordance with the present invention, is expected 
to enhance the efficacy and safety of aspirin and to permit use of lower doses of the Ilb/IIIa 
receptor blockers, thereby sparing systemic fibrin formation, and thus reducing the 
hemorrhagic risk. This is of considerable importance because aspirin (inhibiting TXA 2 and 
collagen-induced platelet aggregation) is routinely given to patients undergoing percutaneous 
revascularization interventions. 
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******** 



All patents and publications mentioned in this specification are indicative of the level 
of skill of those of knowledge in the art to which the invention pertains. All patents and 
publications referred to in this application are incorporated herein by reference to the same 
extent as if each was specifically indicated as being incorporated by reference, and to the 
extent that they provide materials and methods not specifically shown. 

While the preferred embodiment of the invention has been shown and described, 
modifications thereof can be made by one skilled in the art without departing from the spirit 
and teachings of the invention. The embodiments described herein are exemplary only, and 
are not limiting. Many variations and modifications of the methods and compositions of the 
invention disclosed herein are possible and are within the scope of the invention. 
Accordingly, the scope of protection is not limited by the description set out above, but is 
only limited by the claims which follow, that scope including all equivalents of the subject 
matter of the claims. 
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CLAIMS 



What is claimed is: 

1. A recombinant adenoviral vector comprising a human tissue factor pathway inhibitor 
5 (TFPI) gene operatively linked to a human cytomegalovirus immediate early 

promotor/enhancer and a simian leukemia virus (SV40) polyadenylation site. 

2. A recombinant adenoviral vector comprising Ad.TFPI. 

3. An antithrombotic agent comprising a recombinant adenoviral vector containing a 
human TFPI gene operatively linked to a human cytomegalovirus immediate early 

1 0 promotor/enhancer and a simian leukemia virus polyadenylation site. 

4. Transduced vascular smooth muscle cells comprising a transgenic tissue factor 
pathway inhibitor gene. 

5. An antithrombotic agent comprising a vascular smooth muscle cell, said cell 
producing transgenic human tissue factor pathway inhibitor. 

1 5 6. The antithrombotic agent of claim 5 wherein said cell is situated at a site in a human 

blood vessel. 

7. A method of making a recombinant adenovirus vector comprising: 

ligating a cDNA encoding human full-length tissue factor pathway inhibitor 
into the BamHI site of the polylinker of the ^CCMVpLpA plasmid to form the 
20 pLpA.TFPI shuttle plasmid; 

co-transfecting mammalian cells in tissue culture with said shuttle plasmid and 

plasmid pJMl 7; 

culturing the transfected cells until viral cytopathic effects appear; 
harvesting Ad.TFPI viral stock from said tissue culture; 
25 innoculating monolayers of mammalian cells in tissue culture with aliquots of 

high titer Ad.TFPI viral stock; 

harvesting culture medium and cells upon appearance of cytopathic effects; 
purifying recombinant virion particles containing Ad.TFPI. 
8. A method of making an antithrombotic agent comprising: 
30 ligating a cDNA encoding human full-length tissue factor pathway inhibitor 

into the BamHI site of the polylinker of the CCMVpLpA plasmid to form the 
pLpA.TFPI shuttle plasmid; 
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co-transfecting mammalian cells in tissue culture with said shuttle plasmid and 
plasmid pJM17; 

culturing the transfected cells until viral cytopathic effects appear; 

harvesting Ad.TFPI viral stock from said tissue culture; 

innoculating monolayers of mammalian cells in tissue culture with aliquots of 
high titer Ad.TFPI viral stock; 

harvesting culture medium and cells after cytopathic effects appear; 

purifying recombinant virion particles containing Ad.TFPI; 

infecting vascular smooth muscle cells with purified Ad.TFPI virion particles, 
whereby said tissue factor pathway inhibitor cDNA is expressed by said cells. 

9. A method of transducing a vascular smooth muscle cell comprising introducing into 
said cell a recombinant adenovirus vector containing a human tissue factor pathway inhibitor 
(TFPI) gene operatively linked to a human cytomegalovirus immediate early 
promotor/enhancer and a simian leukemia virus (SV40) polyadenylation site. 

10. The method of claim 9 wherein said cell is a human vascular smooth muscle cell. 

11. A method of producing hTFPI at a predetermined site in a blood vessel comprising 
exposing vascular smooth muscle cells at said site with a recombinant adenovirus vector 
containing a human tissue factor pathway inhibitor (TFPI) gene operatively linked to a 
human cytomegalovirus immediate early promotor/enhancer and a simian leukemia virus 
(SV40) polyadenylation site. 

12. The method of claim 11 wherein at least 1 x 10 6 vascular smooth muscle cells are 
transduced. 

13. A method of maintaining a therapeutic level of human TFPI at a predetermined blood 
vessel site comprising transfecting at least 1 x 10 6 vascular smooth muscle cells at said site 
with a recombinant adenovirus vector containing a human tissue factor pathway inhibitor 
(TFPI) gene operatively linked to a human cytomegalovirus immediate early 
promotor/enhancer and a simian leukemia virus (SV40) polyadenylation site such that said 
TFPI gene is expressed for at least 3 days. 

14. A method of deterring thrombosis deposition at a predetermined blood vessel site 
comprising introducing a transgenic human tissue factor pathway inhibitor gene into vascular 
smooth muscle cells at said site. 

15. The method of claim 14 wherein said introducing comprises exposing vascular 
smooth muscle cells at said site to a recombinant adenovirus vector containing a human 
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tissue factor pathway inhibitor (TFPI) gene operatively linked to a human cytomegalovirus 
immediate early promotor/enhancer and a simian leukemia virus (SV40) polyadenylation site. 

16. The method of claim 14 wherein said cells are human vascular smooth muscle cells. 

17. A method of protecting a blood vessel site against thrombosis deposition comprising 
5 introducing a transgenic human tissue factor pathway inhibitor gene into vascular smooth 

muscle cells at said site. 

1 8. The method of claim 1 7 wherein said site comprises a balloon catheter injured artery 
site. 

19. The method of claim 1 7 wherein said site comprises an atherosclerotic artery site. 

10 20. The method of claim 17 wherein said site comprises a balloon catheter injured 
atherosclerotic site. 

21. The method of claim 1 7 wherein said site comprises an angioplasty site. 

22. The method of claim 1 7 wherein said site comprises an arteriovenous shunt. 

23 . The method of claim 1 7 wherein said site comprises an endovascular graft. 

15 24. The method of claim 17 wherein said introducing comprises exposing said smooth 
muscle cells to a human tissue factor pathway inhibitor (TFPI) gene operatively linked to a 
human cytomegalovirus immediate early promotor/enhancer and a simian leukemia virus 
(SV40) polyadenylation site. 

25. A method of treating a site in a mammalian blood vessel that is at risk for thrombotic 
20 deposition and/or restenosis comprising genetically altering vascular smooth muscle cells at a 

site in said vessel such that said cells express a transgenic human tissue factor pathway 
inhibitor gene. 

26. The method of claim 25 wherein said site comprises an atherosclerotic artery site, a 
balloon catheter injured artery site, an angioplasty site, arteriovenous shunt or an 

25 endovascular graft. 

27. The method of claim 24 wherein said genetic alterating comprises exposing said 
smooth muscle cells to a human tissue factor pathway inhibitor (TFPI) gene operatively 
linked to a human cytomegalovirus immediate early promotor/enhancer and a simian 
leukemia virus (SV40) polyadenylation site. 

30 28. The method of claim 25 wherein said genetic altering comprises: 

ligating a cDNA encoding human full-length tissue factor pathway inhibitor 
into the BamHI site of the polylinker of the p/fCCMVpLpA plasmid to form the 
pLpA.TFPI shuttle plasmid; 
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co-transfecting mammalian cells in tissue culture with said shuttle plasmid and 
plasmid pJM17; 

culturing the transfected cells until viral cytopathic effects appear; 

harvesting Ad.TFPI viral stock from said tissue culture; 

innoculating monolayers of mammalian cells in tissue culture with aliquots of 
high titer Ad.TFPI viral stock; 

harvesting culture medium and cells after cytopathic effects appear; 

purifying recombinant virion particles containing Ad.TFPI; and 

infecting at least 1 x 10 6 vascular smooth muscle cells situated at a 
predetermined site in said vessel with said purified Ad.TFPI virion particles, whereby 
a therapeutic level of hTFPI is produced by said cells. 
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